Bitter crab syndrome (BCS), is a disease caused by parasitic dinoflagellates of the genus Hematodinium, and occurs in several crab species of the genus Chionoecetes in the North Pacific and North Atlantic oceans. Infections in snow crab (Chionoecetes opilio) in the Northwest Atlantic have been common in the most northern Canadian fishing area on the Newfoundland-Labrador continental shelf but unknown or recent in other fishery areas in the Gulf of St. Lawrence and on the eastern Scotian Shelf. In this study we show that spatial variation in the distribution and prevalence of BCS in Newfoundland-Labrador snow crab is associated with variation in temperature and salinity. These associations reflect peak prevalence in small crabs that are distributed on hard 
Introduction
Bitter crab syndrome (BCS) or bitter crab disease (BCD) is a condition common to a variety of crustaceans, caused by infection with hemoparasitic dinoflagellates of the genus Hematodinium (reviewed by Stentiford and Shields 2005) . The parasite destroys hemocytes via an unknown mechanism and negatively affects host physiology, creating an increased metabolic load on the host. This syndrome is fatal to its crustacean host and, in many species, results in an unpalatable taste that renders infected animals unmarketable. The global spatial distribution and number of species found to be infected has increased considerably in recent years (Morado et al. 2010) . BCS occurs in crabs of the genus Chionoecetes in both the north Pacific (C. opilio and C. bairdi) and north Atlantic (C. opilio) (Eaton et al. 1991; Love et al. 1993; Meyers et al. 1987 Meyers et al. , 1990 Dawe 2002; Morado et al. 2000 Morado et al. , 2010 . In Atlantic Canadian snow crab (C. opilio) it has been limited to the eastern Newfoundland and Labrador continental shelf (Fig.  1 ). It has been virtually absent from snow crabs on the southern Grand Bank and off the south and west coasts of Newfoundland. It is unknown in snow crabs in the Gulf of St. Lawrence and, until 2008 , on the eastern Scotian Shelf (Morado et al. 2010) .
The Canadian Atlantic snow crab resource supports the world's largest snow crab fishery, with the largest component prosecuted at Newfoundland and Labrador. The Newfoundland fishery landed about 53,000 t in 2008, with an export value of about 300 million dollars (Canada DFO, unpublished data). BCS represents an important but unquantified source of mortality to Newfoundland snow crab and any expansion of BCS would impose an increased loss, throughout the Canadian Atlantic fishery. Quantification of mortality due to BCS would provide valuable information for the improved assessment and management of the resource. Elucidation of factors that regulate distribution and prevalence of BCS would allow prediction and mitigation of future effects, especially under the scenario of a changing climate.
BCS was visually detected in Newfoundland snow crab in 1990 and verified microscopically in 1992 (Taylor and Khan 1995) . The spatial distribution and prevalence of BCS in Newfoundland and Labrador snow crab have been monitored annually since 1995 from annual trawl surveys conducted along the eastern shelf in the fall (Dawe 2002 , Dawe et al. 2009 ). BCS has also been monitored based on localized annual fall trap surveys in Conception Bay ( Fig. 1) (Pestal et al. 2003; Shields et al. 2005 Shields et al. , 2007 . Those localized studies concluded that BCS prevalence is directly related to bottom temperature (Shields et al. 2007) .
BCS has been found predominately in recently molted (new-shelled) snow crabs, and chronic cases can be recognized, in the fall, based on external signs that include abnormal pink or orange coloration of the dorsal carapace and joints of the walking legs, as well as an opaque white "cooked" appearance of the ventral carapace (Dawe 2002; Shields et al. 2005 Shields et al. , 2007 . Often, there are white opaque streaks along the translucent midventral merus leg section. Internally, opaque hemolymph is evident (Meyers et al. 1990 , Dawe 2002 Shields et al. , 2007 , assumes that trends based on observed chronic cases reflect trends in true distribution and prevalence.
In this paper we describe interannual variability in the spatial distribution and prevalence of BCS in snow crab on the eastern Newfoundland and Labrador continental shelf based on a 14-year survey time series. We investigate the relationships of distribution and prevalence with near-bottom temperature and salinity, and apply a particle drift model to examine the possible role of ocean circulation in regulating spatial distribution. We discuss factors that may play a role in regulating the distribution of BCS in our study area and in the entire Atlantic Canadian snow crab population. We also consider the implications of ocean climate change with respect to future changes in spatial distribution and prevalence of BCS.
Methods

Sampling
Snow crab samples were acquired and examined during 1995-2008 fall multispecies stratified random bottom trawl surveys, which extended from the Grand Bank northward throughout the northeast Newfoundland and southern Labrador continental shelf (Figs. 1-2 ). Spatial stratification of this area, for purposes of survey set allocation, is partially based on NAFO (Northwest Atlantic Fisheries Organization) Divisions. While these divisions hold no biological significance with respect to snow crab (Fig. 2) , they do represent a convenient basis for facilitating spatial comparisons. The surveys utilized the Campelen 1800 survey trawl, a shrimp trawl with mesh size of 44-80 mm, and a nylon codend liner of 12.7 mm mesh. The trawl has a wingspread of about 16 m and a footrope equipped with rock-hopper gear. It was fished in standard tows of 15 min duration, at a speed of 3.0 knots, over a distance of 0.75 nm.
Snow crab catches were sorted by sex and either fully sampled or, in the case of very large catches, subsampled. In total, 186,834 crabs were captured in the surveys (Table 1) . Crabs sampled were measured in carapace width (CW, mm), and maturity status was assigned to females (immature versus mature). All crabs were assigned one of three shell condition categories based on the relative extent of carapace fouling, which approximately reflects time elapsed since molting: (1) newshelled-these crabs had last molted in spring of the current year; carapaces are clean, white ventrally, and iridescent; (2) intermediateshelled-these crabs had last molted in spring of the previous year, carapaces are yellowed ventrally, not iridescent, and chelae bear ventral scratches; (3) old-shelled-these crabs last molted at least two years ago, carapaces are heavily fouled dorsally and brown ventrally, and very old-shelled crabs have soft carapaces due to decalcification and decay in some leg joints. Occurrence of advanced stages of BCS was noted based on macroscopic examination. In cases of unclear external characteristics, crabs were dissected and classified based on observation of the hemolymph. Observation of cloudy or milky hemolymph was taken as support for classification of such specimens as infected. Specimens displaying clear external characteristics of BCD were randomly selected and dissected to examine the hemolymph and to validate the macroscopic observations. All those specimens displayed milky hemolymph, supporting their categorization as infected.
Data on near-bottom temperature and salinity were also acquired from each survey set from a trawl-mounted conductivity, temperature, and depth (CTD) system.
Treatment and analysis of data
The spatial distribution of BCS-infected crabs (both sexes combined) was initially mapped, by year, in relation to near-bottom temperature and salinity. Before further investigating the possible relationship of spatial distribution and prevalence with oceanographic properties, it was necessary to establish the portion of the population susceptible to infection. Accordingly, we summarized BCS prevalence in relation to host shell condition to confirm, as previously found (Dawe 2002) , that this syndrome is virtually exclusive to new-shelled crabs. All subsequent summaries and analyses were conducted on new-shelled crabs only. Prevalence of BCS was calculated as the percentage of new-shelled crabs caught that were infected (i.e., BCS+).
We described the relationship of BCS distribution and prevalence with oceanographic properties by partitioning prevalence into 1ºC temperature bins and 0.5 ppt salinity bins by sex and division. Only data from sets that captured new-shelled crabs were included in this summary. The relationship of BCS distribution and prevalence with temperature and salinity was further investigated by describing temperature-salinity relationships by division for all new-shelled crabs caught versus those that were infected. A nonparametric categorical data analysis (CATMOD, SAS Institute 1985) was applied to determine the significance of relationships of prevalence with area (division), host sex, temperature, and salinity. Significance was assessed based on the conventional 0.05 probability level.
Further elaboration of the effects of temperature on distribution and prevalence required accounting for possible confounding effects of host distribution and demography. Accordingly, we examined, for males only, the size-specific relationship of BCS prevalence with bot-tom temperature and depth. The analysis was limited to males due to the greater size range and broader distribution of males than females (Dawe and Colbourne 2002) . Size was summarized, for each division, by 3 mm CW groups and compared with prevalence as well as mean depth and bottom temperature for those sets where members of each group were caught. To investigate the possible effect of temperature on annual variability in distribution and prevalence we first compared annual trends, by sex, among NAFO divisions. We then applied simple linear regression to model the relationship of temperature with prevalence for each division by sex.
A particle drift model was applied to investigate the possible role of ocean currents in determining the distribution of BCS. The ocean circulation was obtained from a three-dimensional finite-element circulation model for the Newfoundland and Labrador shelf and slope. The model produced climatologically monthly mean circulation fields, which were validated against a number of observational data sets. The drift model considers effects of temporal variability and spatial structure of the circulation (Han and Kulka 2009 ). In addition, the effects of unaccounted horizontal motions were estimated assuming a random walk process where additional displacements were calculated using externally specified eddy diffusivity (150 m 2 per s) in the horizontal directions. The vertical movement was not considered.
Results
Spatial distribution and prevalence of infected crabs
The spatial distribution of BCS in snow crab varied considerably among years, as illustrated by the distributions in 1997 and 2005 (Fig. 2 ), but there were some consistencies. BCS was commonly encountered from the southern Labrador shelf (Div. 2J) south to the northern Grand Bank (Div. 3L). Sets of highest prevalence (12.6-25%) extended from coastal bays offshore to the middle shelf. BCS has been quite uncommon on the southern Grand Bank (Div. 3NO), where it was detected at 9 stations in total during 5 of the 14 survey years.
Most of the crabs caught in our surveys were new-shelled crabs (about 80%, Fig. 3 ) and most crabs found to be infected were new-shelled (>90%, Fig. 3 ). Overall prevalence of infection was low (<3%) but varied with sex and shell condition, being highest in new-shelled and female crabs.
Prevalence varied considerably over the time series for each of the three divisions where it was regularly encountered (Fig. 4) . Prevalence (in new-shelled crabs) was consistently lower than 10% and usually lower than 6%. The two southern areas (Div. 3KL) trended together initially (during 1995-2001) , but otherwise there was little similarity among areas. 
Relationship of distribution and prevalence with oceanographic properties
The spatial distribution of infected crabs differed among years as illustrated by contrasting 1997 and 2005 (Fig. 2) . These examples include the year (1997) of highest prevalence in the central area (Div. 3K, Fig. 4 ) and the year (2005) of highest prevalence at the southern extreme of BCS distribution (Div. 3L, Fig. 4 ). Prevalence was relatively high in both of those years at the northern extreme (Div. 2J, Fig. 4 ). Overall, prevalence was more variable in the extreme areas (Div. 2J and 3L) than in central Div. 3K (Figs. 2 and 4). As illustrated in both years ( Fig. 2) , infected crabs were caught primarily on an offshore bank (Hamilton Bank, Fig.  1 ) at intermediate temperatures and salinities in Div. 2J, whereas they were caught across the northern Grand Bank (Div. 3L) at much lower temperatures and salinities (Fig. 2) . In both Div. 3K and 3L, infected crabs were caught primarily on the inner to mid shelf, including coastal bays, whereas they were virtually absent along the outer shelf slope at maximum temperatures and salinities in all three divisions. The distribution of infected crabs in Div. 3K (Fig. 2 ) was more limited to the inner shelf in years of low prevalence (e.g., 2005) than in years of high prevalence (e.g., 1997). Examination of the relationship of prevalence with temperature and salinity for all years combined (Fig. 5) showed that relationships differed among the three divisions. Generally however, across all areas, prevalence was highest at intermediate temperatures (1-2ºC) and salinities (33-34.5 ppt). The southernmost area (Div. 3L) was exceptional in showing high prevalence at lowest temperatures (<0ºC). The salinity of peak prevalence varied among divisions and was lowest (freshest) in Div. 3L. Overall, the relationship of prevalence with salinity was stronger than with temperature: prevalence decreased sharply below 33 ppt and was also relatively low at maximum salinities (34.5-35.0 ppt) in all divisions.
A categorical data analysis showed that the relationship of each of division, sex, temperature, and salinity with BCS prevalence was very highly significant (p <0.0001, Table 2 ). The analysis indicated that prevalence was more closely related to temperature and salinity than it was to spatial effects (i.e., division). The temperature-salinity (T-S) relationships for survey sets capturing new-shelled crabs (Fig. 6 ) differed among areas. All three areas included a common water mass, characterized by salinity increasing with temperature. The T-S relationship for this water mass was tighter in southernmost Div. 3L than in the more northern areas, where the salinity range was relatively broad at all ambient temperatures. This indicates less mixing in Div. 3L than in areas to the north. Div. 3L also includes a second shelf water mass, characterized by relatively low salinity and a strong annual cycle in temperature. This water mass represents fresh (<33 ppt) and seasonally warming water of the cold intermediate layer (CIL) that intersects the bottom on the shallow Grand Bank.
BCS-infected crabs were virtually absent from the low-salinity (<33 ppt) CIL water on the Grand Bank (Div. 3L, Figs. 2 and 6) . Similarly, in the more northern areas, infected crabs were rarely encountered in 
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the more limited waters of lowest salinity (<33 ppt), extending along the coast (Figs. 2 and 6 ). Infected crabs were also relatively uncommon within the warmest and most saline waters of the mixed water mass, especially in Div. 2J (Fig. 6) , where infected crabs were highly aggregated on Hamilton Bank (Figs. 1 and 2 ).
Oceanographic effects on annual variation in BCS distribution and prevalence
The relationships of prevalence with temperature and salinity were closely associated with host demographic characteristics, as we illustrate for males. When data were pooled across all years, it was apparent that BCS prevalence was highest in small males, with peak prevalence occurring at sizes ranging 26-50 mm among the three divisions (Fig. 7a) . Peak prevalence was higher in Div. 3K (8.1%) than in Div. 2J (4.2%) or Div. 3L (5.9%). These small crabs of peak prevalence were associated with shallow depths and near minimum temperatures in all divisions (Fig.  7b) . Peak prevalence in Div. 2J and 3K occurred at similar sizes (44 and 50 mm CW respectively), depths (means of 298 and 287 respectively), and temperatures (means of 2.2 and 1.7ºC respectively). In contrast, peak prevalence in Div. 3L occurred at much smaller size (26 mm CW), lesser depth (mean of 188 m), and lower temperature (mean of 0.4ºC) than in the more northern divisions (Fig. 7) . Our regression analysis of yearly prevalence on bottom temperature showed that annual variation in prevalence was not related to temperature variation (Fig. 8) . Both positive and negative associations were evident that were consistently very weak, as reflected in the goodness of fit criterion (r 2 ), which ranged from 0.002 to 0.18 for the divisional sex-specific comparisons. Simulation of particle drift (Fig. 9 ) indicated that particles released on the shelf slope off southern Labrador (at either 100 m or 200 m) would be advected rapidly along the slope by the strong offshore branch of the Labrador Current (Fig. 1) , and would be distributed along the warm saline northern and eastern slope of the Grand Bank after 180 days of release (Fig. 9) . By contrast, particles released (at either depth) on the mid shelf off southern Labrador would be advected more slowly by relatively weak shelf currents including the inshore branch of the Labrador Current (Fig. 1) and would become dispersed throughout the northeast Newfoundland shelf (Div. 3K) within 30-50 days after release. Particles released (at 100 m) on the shallow inner shelf off southern Labrador would be rapidly advected southward to the inner shelf and coast of Div. 3K within 30 days of release. Some particles, released on the mid to inner shelf, would be retained in Div. 3K, while most would continue to be advected southward. Within 140-180 days following release, these particles would become distributed across the northernmost portion of the Grand Bank (Fig. 9) , due to the branching of the inshore component of the Labrador Current (Fig. 1 ). This distribution pattern is similar to that seen in infected crabs in Div. 3L (Fig. 2) . 
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Discussion
Spatial distribution pattern
Our results showed that BCS-infected crabs were most commonly distributed from the southern Labrador shelf (Div. 2J) to the northern Grand Bank (Div. 3L). Survey catches of highest prevalence (maximum of 25%) occurred on Hamilton Bank in the northernmost area (Div. 2J) and extended from inshore bays to the middle shelf throughout the more southern portion of the distribution. This disagrees with Shields et al. (2005) who reported that BCS occurs predominately within the northern bays of Newfoundland. That conclusion, however, was based on a qualitative comparison of prevalence between trapped samples from a bay (Conception Bay, Fig. 1 ) and trawled samples from the shelf. A comparison of prevalence between those gear types from common surveys within Conception Bay has shown that prevalence of infection is higher in trapped samples than in trawled samples (Dawe et al. 2009 ), clearly indicating some sampling gear bias.
Relationship with oceanographic properties
We showed that BCS was most prevalent in Labrador slope water at intermediate temperatures and salinities. It was virtually absent from freshest water (<33 ppt) of coastal origin in northern areas or in the winter-chilled cold intermediate layer (<0ºC) waters on the shallow Grand Bank in the most southern area. It was also uncommon in warmest (>3ºC), most saline (>34 ppt) water of Labrador Sea origin along the shelf slope. Highest prevalence at intermediate temperatures and salinities is closely associated with the demographic profile of infected crabs. We showed that prevalence (in males) was highest in small crabs distributed primarily on shallow-water hard substrates at near-minimal temperatures Colbourne 2002, Dawe et al. 2010) . This is inconsistent with Shields et al. (2005) who concluded that prevalence increased with depth and was higher in areas with mud substrate than in areas with harder substrates. However, sampling in that study was targeted at the deep commercial fishing grounds of Conception Bay, characterized by a uniform soft mud substrate. Thus, sampling in that study was very limited at shallow depths with hard substrates, where small crabs are primarily distributed . We did find some instances, such as Div. 3K in 1997, when prevalence was more broadly distributed across the entire size range than is typical (Dawe et al. 2009 ). This resulted in a distribution of infected crabs that extended farther offshore than usual, including deep, warm, saline areas with soft substrates, inhabited primarily by large males (Dawe and Colbourne 2002) .
The low prevalence we found at lowest temperatures and salinities, most evident in Div. 3K, was related to the inverse relationship we found between prevalence and host size for males smaller than about 50 mm CW. We believe that this inverse relationship in smallest crabs may be an artifact of the visual method of detection. This is supported by microscopic examination of blood smears from Div. 3K trap surveys that showed maximum prevalence at the smallest sizes sampled, about 40 mm CW (Morado, unpubl. data) . Crabs of this size and smaller molt more frequently than annually (Sainte-Marie et al. 1995 , Hébert et al. 2002 and may incur a high size-related mortality due to the combined stresses of molting and BCS at infection intensities that are not visibly evident. This is consistent with our results that showed peak prevalence in Div. 3L males at much smaller sizes and lower temperatures than in the more northern areas. We interpret this as resulting from lower molting frequency of small crabs at lower temperatures in Div. 3L than in the more northern divisions. This implies that the overall relationship of temperature with true prevalence would be an inverse one.
An overall inverse relationship between prevalence and temperature, as we infer, would not be consistent with Shields et al. (2007) who concluded prevalence is directly related to temperature. That study concluded that increased prevalence in Conception Bay during 2003-2005 was related to an increase in temperature, which resulted in increased molting activity and subsequently an increased availability of suitable (new-shelled) hosts. However, our more extensive time series showed no such relationship between temperature and annual variability in prevalence. We believe the high prevalence in Conception Bay during 2003-2005 was due to a density-dependent effect rather than an effect of temperature. Density dependence would account for the observed increase in host size of peak prevalence in Conception Bay between the periods 1997 -2002 and 2003 (Shields et al. 2007 ). This likely reflects increased prevalence in one to several strong year classes that represent a recruitment pulse progressing through the host size range over several years. This is supported by the observed peak in Conception Bay trap survey catch rates of largest (legal-sized) newshelled males in 2006, which was followed by a sharp decrease in both catch rate and BCS prevalence in 2007 (Dawe et al. 2009 ). Similarly, we found that high prevalence, in relatively small crabs on the northern Grand Bank (Div. 3L) during 2004-2005, was followed by increased abundance of (larger) pre-recruit males in 2007 and 2008 (Dawe et al. 2009 ). This pattern of increased prevalence in small crabs followed by progression throughout the host size range has also been observed in Div. 3K during 1995 -1998 and 2004 -2007 (Dawe et al. 2009 ). It is beyond the scope of this study to further elaborate density-dependent effects. However, we feel that any effect of temperature on annual prevalence level would likely be indirect and negative rather than positive, due to the inverse relationship of host size with both temperature and prevalence.
Effects of ocean circulation
Highest prevalence in small crabs, as we found, accounts for the spatial distribution pattern we observed. This pattern, as described above, agrees closely with the general distribution pattern of smallest male crabs, as depicted by Dawe and Colbourne (2002) . We showed in particular that BCS distribution is limited to the inner portion of the central (Div. 3K) shelf, as are small crabs (Dawe and Colbourne 2002) , in years like 2005 when it occurred mostly in small crabs (Dawe et al. 2009 ). In contrast, BCS distribution extends farther offshore to the middle shelf in years like 1997, when it was relatively prevalent in larger crabs (Dawe et al. 2009 ). This implies that advection is important in regulating the distribution of larval and settling crabs, as well as that of Hematodinium sp., resulting in highest prevalence in small (or smallest) crabs. Expansion of the spatial distribution of BCS within the snow crab host population is likely due to progression of BCS throughout the host's size range due to molting and ontogenetic migration (Dawe and Colbourne 2002) to deeper, warmer, and more saline areas.
The results of particle drift simulation support the proposed importance of circulation pattern in regulating the distribution of both larval crabs and Hematodinium sp. Low prevalence along the warm saline slope may be due to rapid advection and flushing of larvae and pathogen. By contrast, higher prevalence over the shelf and into bays may be due to slow flow and recirculation by the weak inshore branch of the Labrador Current that results in particle retention and increased opportunity for larval settlement as well as infection of potential hosts. This hypothesized role of retention by ocean currents is consistent with studies of BCS in southeast Alaska Tanner crabs, which suggested that high prevalence is related to retention within embayments and inlets (Myers et al. 1987 (Myers et al. , 1990 . In our study this is strongly supported by the observed distribution of infected crabs on the southern Labrador shelf (Div. 2J). High BCS prevalence in that area has consistently been highly aggregated within a quasi-permanent recirculating gyre on Hamilton Bank. Also, the southern limit of BCS (with rare exceptions), across the broad northern slope of the Grand Bank coincides with the southern limit of the weaker inshore branch of the Labrador Current. In this area the inshore branch splits, with the nearshore southerly flowing component becoming topographically constrained and flowing swiftly through the Avalon Channel and around the southeastern extreme of the island. The easterly flowing component of the inshore branch merges with the faster-flowing offshore branch and continues along the deep eastern slope of the Grand Bank (Div. 3N) (Colbourne et al. 1997) .
The virtual absence of infected crabs at salinities below 33 ppt in all areas, and especially within the cold intermediate layer on the Grand Bank, suggests that low salinity may limit the distribution of BCS. However, it is unclear whether this reflects a direct effect of salinity or an association of salinity with water mass circulation patterns. The consistent virtual absence of BCS in the cold intermediate layer across the northern Grand Bank, where circulation is not strong, implies a direct effect on Hematodinium survival or virulence. We recognize that the low prevalence we found at lowest salinities could be an artifact of failure to visually recognize BCS in smallest crabs at shallow depths and lowest salinities. However, we hypothesize that a limiting effect of low salinity may account for the absence of BCS within the snow crab resources of the Gulf of St. Lawrence. Low salinity waters along the Newfoundland coast and throughout the shallow Strait of Belle Isle (Fig. 1) may represent a barrier to transmission from the southern Labrador shelf into the Gulf. Furthermore, annual average salinities are generally <32.6 ppt at water depths <100 m throughout the Gulf (Petrie et al. 1996) , where the snow crab fisheries are primarily prosecuted. A direct effect of salinity would be consistent with Messick et al. (1999) who found that intensity of infection in blue crabs (Callinectes sapidus) was limited by low temperature (<9ºC) and salinity (<11 ppt). However, blue crabs in the coastal bays of Maryland live in much warmer and fresher waters than do snow crabs off Newfoundland and Labrador, and it is possible that different species of Hematodinium infect these hosts. The possible existence of several Hematodinium species with differing salinity tolerances is further supported by the recent occurrence of Hematodinium in a low salinity (<9 ppt) aquaculture facility in China (Li et al. 2008 ).
Implications of climate change
It is currently unknown how oceanographic properties, circulation pattern, and bathymetry may interact to maintain BCS in Atlantic Canadian snow crab practically limited to the eastern Newfoundland and Labrador shelf. While changes in flow of the inshore branch of the Labrador Current cannot be detected, it is known that volume transport of the stronger offshore branch has been increasing from the late 1990s to the early 2000s (Han et al. 2010) . Under a scenario of future warming there would likely continue to be increasing volume transport of fresh water from the Arctic resulting in decreased shelf salinities. However, we feel that ocean circulation is not limiting further expansion of BCS distribution because snow crab throughout Atlantic Canadian waters are members of a single panmictic population (Puebla et al. 2008) , with no barriers to larval (or any other particle) drift. Also, although Hematodinium sp. has been well established within Newfoundland snow crab for at least 14 years, it has only very recently been detected on the Scotian Shelf (Morado et al. 2010) and remains unknown in the Gulf of St. Lawrence, which receives inflow directly from the southern Labrador shelf through the Strait of Belle Isle. This absence from Gulf of St. Lawrence snow crab is not consistent with the recent rapid expansion of Hematodinium spp. worldwide throughout numerous crustacean host species (Morado et al. 2010) .
We feel it is more likely that spatial differences in oceanographic properties result in reduced survival or virulence of Hematodinium in regions other than Newfoundland. Shields et al. (2007) speculated that increased warming would result in expansion of BCS to other areas, but this is not supported by our results that showed no direct relationship between temperature and prevalence. Furthermore, bottom temperatures along the Newfoundland shelf have remained above normal in recent years (Colbourne et al. 2009 ), while BCS prevalence has decreased (Dawe et al. 2009) . A direct temperature effect on prevalence is also not consistent with higher ambient temperatures in Canadian snow crab fishery areas other than Newfoundland. We consider salinity to be a more likely property limiting expansion of BCS to other Atlantic Canadian snow crab fishing areas, for reasons described previously. This would be consistent with low ambient salinities in the Gulf of St. Lawrence, where BCS remains unknown.
Summary and conclusions
We acknowledge that variability in apparent prevalence may be affected by variability in biological processes such as host molt frequency and timing. However, our results lead to some general conclusions that are both plausible and well supported by trends. We conclude that the spatial distribution of BCS in snow crab on the eastern Newfoundland and Labrador shelf is largely regulated by ocean circulation. Weak flows and recirculation result in concentration of both Hematodinium sp. and settling crabs in shallow inshore areas and on offshore banks. We found that annual variation in prevalence was not directly related to ambient temperature and we feel that other factors likely interact to affect prevalence in any area, including host density-dependent factors. We hypothesize that salinity may affect expansion throughout the western Atlantic snow crab population, with low salinity directly limiting Hematodinium survival or virulence. Further studies will be required to investigate possible direct effects of salinity, including experiments on pathogen virulence and host susceptibility throughout the ambient salinity range. If salinity does reduce infection probability, it still remains unknown whether future changes in salinity might be so substantial as to affect the distribution and prevalence of BCS in the western Atlantic snow crab population.
